Abstract-A short period, called dead time, is usually implemented (e.g., through adding extra hardware in gate drivers or modifying pulse-width modulation schemes) for voltage source inverters to prevent shoot-through incidents. Clearly, larger dead time provides more safety, but may also degrade the injected currents from inverters. It thus requires sophisticated compensation schemes to meet certain stringent standards. For single-phase transformerless full-bridge PV inverters, different modulation schemes can be employed to suppress leakage currents, which in return may affect the distribution of the dead time harmonics. Thus, this drives the analysis of dead time harmonics in single-phase transformerless full-bridge inverters considering two modulation strategies: bipolar and unipolar modulation schemes. Effects of modulation on the dead time harmonics are observed in simulations and experimental tests. Furthermore, a periodic controller is adopted to mitigate the harmonics, which is independent of the modulation schemes.
I. INTRODUCTION
Power electronics are the key to today's energy conversion [1] . Harmonics appear in power electronic-based power systems, and thus challenging the stability (i.e., system resonance may be triggered) [2] - [4] . There are two major reasons behind this: 1) the interaction of power converters with high nonlinearity and 2) the intermittent nature of generation (especially, for renewable energies). To tackle the harmonic issue in power electronic converters, the control should be advanced [5] , [6] , which enables a low Total Harmonic Distortion (THD) level. At the same time, many standards have been published to guide the connection of an increasing number of power electronic converters to the grid [7] , [8] . Alternatively, through topological innovations, e.g., using high-order passive filters and multilevel converter technologies, harmonic emissions can be attenuated to some extent. Nonetheless, further attempts to mitigate harmonics are expected in future power electronicdominated systems.
In practical applications, two-level voltage source converters are still the favorite for PV systems [1] . Furthermore, other issues like leakage currents should be considered. For instance, a short period, called dead time, has to be implemented in the Pulse Width Modulation (PWM) drivers or modulation strategies during each switching interval [9] - [13] . This is to avoid any shoot-through incident in the converter, and clearly, larger dead time is safer. Doing so, however, may lead to emission of more harmonics from the PWM converters [14] , [15] . Specifically, the dead time may contribute to a decrease or increase of the fundamental component of the converter output [16] - [18] . The injected currents will then be further distorted [4] , and additional losses may be observed. This dead time effect will be worse with a high switching frequency. In addition, for single-phase transformerless PV inverters, the PWM schemes should be designed to mitigate or prevent leakage currents. However, this may affect the distribution of dead time harmonics [19] , [20] .
The dead time harmonics have to be compensated in those applications. Prior-art methods are based on an average value theory [11] , [16] , [21] , where the average voltage change is added to or subtracted by the inverter voltage reference. However, those methods rely on the detection of current polarity, and thus noise at zero-crossing of the current will degrade the compensation performance. Other solutions have also been reported in the literature [9] - [13] , [16] , [22] . For example, a compensation method using the controller integrator output and an adaptive dead time compensator were introduced in [16] and [22] , respectively. Besides, since the dead time mainly introduces low order harmonics, it is possible to mitigate these harmonics using multiple resonant controllers and repetitive controllers [5] , [15] - [17] , [23] . Nonetheless, the dead time harmonic generation mechanisms are not clear when considering modulation strategies.
Therefore, this paper analyzes the harmonic distribution due to the dead time in single-phase transformerless full-bridge PV inverters. In § II, two modulation schemes -the bipolar and unipolar PWM schemes, are presented considering the leakage currents. Focuses have been put on the dead time harmonics in § III. It reveals that the modulation schemes affect the harmonic characteristics of the injected currents. Simulations and experiments shown in § IV have validated the analysis. In addition, a repetitive controller based dead time compensation has been experimentally demonstrated on a single-phase PV inverter. Finally, § V concludes this paper.
II. MODULATION SCHEMES
A grid-connected single-phase single-stage transformerless PV inverter system is shown in Fig. 1 , where an LCL filter is adopted to remove switching-frequency harmonics. The dashed line with arrows indicates possible leakage current paths. One objective to design the modulation schemes is to minimize the leakage current i p as
where v cm is the common-mode voltage, C p is the parasitic capacitor, and v AO , v BO are the phase-leg output voltages. Clearly, the phase-leg output voltages are related to the modulation schemes.
In order to minimize the leakage currents, the modulation schemes should achieve a constant common-mode voltage (i.e., v cm = const.) according to (1) . For the single-phase full-bridge inverter, there are mainly two modulation schemes -bipolar modulation and unipolar modulation [24] , as shown in Figs. 2 and 3. As observed, in the case of the bipolar modulation, the four power devices of the full-bridge inverter are switched in a diagonal way, i.e., S 1 synchronous with S 4 and S 2 with S 3 ; while two modulation signals with a phase shift of 180
• are adopted to modulate each phase leg in the unipolar modulation. Thus, the inverter output voltage v inv = v AO − v BO will be different (i.e., two voltage states for the bipolar modulation and three voltage states for the unipolar modulation, as shown in Figs. 2 and 3, respectively).
Nevertheless, the performance of a single-phase full-bridge inverter is dependent on the two modulation schemes, as demonstrated in Fig. 4 . It is observed in Fig. 4 that the bipolar modulation results in a constant common mode voltage v cm . According to (1), the leakage current will be zero -the bipolar modulation is better in terms of low leakage currents compared with the unipolar modulation scheme. However, as two modulation signals are adopted, the phase shift will cancel the switching-frequency harmonics if the unipolar modulation scheme is adopted. This means that the unipolar modulation has an effect of double the switching frequency, leading to low requirements on the output filters. This effect will be demonstrated in § IV by simulations.
III. DEAD-TIME HARMONICS
In the last section, it has been shown that the modulation schemes will alter the harmonic characteristics of the singlephase inverter output voltage (i.e., v inv ). When the dead time is inserted in each switching interval, the output voltage will be further affected. In this section, how the dead time affects the voltage is firstly presented. Then, a strategy to mitigate the dead time harmonics is given, in which a repetitive (periodic) controller is adopted.
A. Dead Time Effect with Different Modulations
For simplicity, the impact of dead time Δt on the inverter output voltage (i.e, v inv = v AO − v BO ) can be explained using one of the phase legs in Fig. 1 . During one switching period, the modulation signal is assumed as constant, as it is shown in Fig. 5 . In the dead time periods, the turn-on pulses are delayed, and thus the inverter output phase voltage v AO is affected. This influence is related to the polarity of the inverter output current i inv , as indicated in Fig. 5 . More specifically, v AO is increased (i.e., there is a voltage gain), if the phase output current i inv is negative; otherwise, the inverter output phase voltage v AO is reduced (i.e., there is a voltage loss). In one switching period T sw , the voltage difference Δv of the leg-A output can simply be averaged as
with
where T sw is the switching period and v dc is the instantaneous voltage across the dc-link capacitor C dc . It is implied in (2) that the inverter output voltage will be distorted by the dead time.
The larger the dead time t d is, the more severe the distortion is (i.e., the larger the voltage difference |δv| is). Also a high switching frequency (i.e., a small switching period T sw ) leads to large distortions. Similarly, the voltage distortions in the inverter leg-B can be obtained. For the single-phase full-bridge inverter shown in Fig. 1 , with the bipolar modulation scheme, the voltage distortions of the leg-B will be identical to (2) but the current polarity is opposite. Then, it is easy to obtain the voltage distortion in the inverter output voltage v inv . However, for the unipolar modulation scheme, the voltage difference in the output of leg-B can be obtained following the above, but the entire voltage distortion in the inverter output may be different. Thus, it is necessary to model the harmonics under different modulation schemes. Nevertheless, the distortions in the inverter output voltage will be propagated to the grid current [4] according to
in which L = L 1 + L 2 is the total inductance, v g is the grid voltage and it is assumed as harmonic-free, i g is the injected grid current, v 1 inv is the fundamental inverter output voltage, and v h inv is the dead time harmonics of the inverter output voltage. Thus, the grid current will contain harmonics as
with h being the harmonic order. Since the modulation schemes result in different output voltage harmonics v h inv , the injected grid current harmonics will be affected.
B. Mitigation of Dead-Time Harmonics
The harmonics induced by the dead time can still be expanded into Fourier series [15] , [16] . Accordingly, it is possible to compensate the dead time harmonics by including a harmonic compensator in the current controller. Regarding the harmonic compensator, a multiple-parallel resonant controller or a repetitive controller can be adopted. The resonant controller enables selectively canceling out the harmonic components (thus, a model of the dead time harmonics is needed to specifically compensate the harmonics). In contrast, the repetitive controller can theoretically mitigate all harmonics below the Nyquist frequency. In both cases, the harmonic compensators should be added in parallel with the fundamental current controller. Fig. 6 shows the entire current control loop of the single-phase full-bridge inverter system with harmonic compensators.
Accordingly, the transfer functions of the fundamentalfrequency controller and the harmonic compensators can be obtained as being the fundamental-frequency current controller (i.e., a proportional resonant controller),
with ω h = hω 0 , and
being the harmonic compensators, where ω 0 is the fundamental frequency, k p and k i are the control gains for the fundamental-frequency current controller, k h i is the control gain for the hth-order resonant compensator, and k rc is the control gain for the repetitive controller. In (7), a low pass filter Q(s) and a phase-lead compensator G f (s) are adopted to enhance the control system stability. Additionally, as the expanded repetitive controller contains all the resonant controllers below the Nyquist frequency [5] , it is efficient to use the repetitive controller to compensate the dead time harmonics. In that case, only one control gain (i.e., k rc ) should be tuned, but the controller can compensate a wide range of harmonics. Also the information of the dominant harmonics induced by dead time is not required. Hence, in this paper, the repetitive controller is employed.
IV. RESULTS
Referring to Fig. 1, simulations and experiments have been performed on a 2-kW single-phase inverter to verify the impact of dead time. In the case study, a dc source has been adopted. The switching frequency is f sw = 10 kHz. A proportional resonant (PR) controller is adopted as the fundamental-frequency current controller. The other parameters are listed in Table I . Fig. 7 shows the simulation results of the system without dead time, which demonstrates the effectiveness of the PR controller. Moreover, it is seen in Fig. 7 that the output voltage ripples in the case of the unipolar modulation are smaller. This is because of the double switching frequency effect, as mentioned in § II. However, when the dead time of 5.25 μs is implemented, distortions in the inverter output voltage are observed, and thus in the injected grid current according to the above basic discussion. Fig. 8 verifies the impact of the dead time, where it can be seen that with different modulation schemes, the distortions are not the same. Notably, here, the large dead time is just to show the impact. In practice, the dead time duration is shorter. Nevertheless, it confirms that the modulation scheme will affect the distribution of dead time harmonics. To maintain the current injected by the PV inverter, harmonic compensation schemes should be adopted. Experimental tests are then carried out, and the results are shown in Fig. 9 , where the bipolar modulation scheme is adopted. It can be observed in Fig. 9 that the experimental results are in a close agreement with the simulations. When only the fundamental-frequency PR controller is adopted, the dead time harmonics will appear in the grid current, as seen in Fig. 9(a) . In order to improve the current quality, a repetitive-based harmonic compensator is plugged into the current controller (i.e., in parallel with the PR controller) according to the discussions in § III and Fig. 6(b) . As it is shown in Fig. 9(b) , the dead time harmonics are effectively mitigated, when the repetitive controller is adopted. In the case of the unipolar modulation scheme, the harmonic distribution will be different. Thus, harmonic compensators should be designed according to the distribution. Nevertheless, the above cases have verified the analysis and discussions -the dead time harmonics are affected by the modulation strategies. It should be pointed out that the repetitive controller is also effective for the unipolar-modulated inverters, as it can cover a wide range of harmonics, being independent of the modulation schemes. However, the repetitive controller suffers from slow dynamics, and recent advancements of the repetitive controller are directed to [5] .
V. CONCLUSION
In this paper, the harmonics induced by the dead time in the single-phase full-bridge transformerless PV inverter with two modulation schemes (i.e., bipolar and unipolar PWM strategies) were explored. It has been revealed that the harmonic distributions will be affected by the employed modulation strategy. Simulations and experiments validated the discussion, where a harmonic compensator using a repetitive controller was exemplified on a single-phase full-bridge inverter system. The performance of the harmonic compensation scheme is independent of the modulation scheme, since it does not require the information about dominant harmonics induced by the dead time. As a future study, more theoretical analysis will be performed.
